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1. INTRODUCTION {#fsn31362-sec-0001}
===============

Atlantic salmon is rich in many valuable nutrients, such as high‐quality polyunsaturated fats, vitamins (tocopherols), and carotenoid pigments (astaxanthin; Johnston et al., [2006](#fsn31362-bib-0013){ref-type="ref"}). Thus, Atlantic salmon has long been one of the most popular of all kinds of seafood. However, because of a lack of effective means of detection, fraud in the Atlantic salmon consumer market appears frequently, mainly in the following ways: (a) Low‐priced rainbow trout is marketed as high‐priced Atlantic salmon; (b) low‐priced rainbow trout is marketed as high‐priced Atlantic salmon; (c) stale salmon is sold as fresh salmon.

Consumers expect that the salmon they buy is quality‐guaranteed. Many studies have been performed on detection of the quality of Atlantic salmon and salmon products to satisfy consumer expectations, protect the legitimate rights and interests of consumers, and to standardize Atlantic salmon markets. These studies have included physical and chemical detection (Aursand, Erikson, & Veliyulin, [2010](#fsn31362-bib-0003){ref-type="ref"}; Rodríguez et al., [2012](#fsn31362-bib-0022){ref-type="ref"}), sensory evaluation (Quevedo & Aguilera, [2010](#fsn31362-bib-0019){ref-type="ref"}; Quevedo, Aguilera, Pedreschi, [2010](#fsn31362-bib-0020){ref-type="ref"}), and spoilage microorganism analysis (Skipnes, Johnsen, Skåra, Sivertsvik, & Lekang, [2011](#fsn31362-bib-0024){ref-type="ref"}; Tito, Rodemann, & Powell, [2012](#fsn31362-bib-0027){ref-type="ref"}). However, most of these methods are destructive, time‐consuming, and inefficient, and they cannot meet the needs of large‐scale commercial applications. Therefore, there is an urgent need for rapid and nondestructive technology to detect and control the quality and safety of Atlantic salmon or Atlantic salmon and its products.

Investigators have used bioimpedance technology to assess meat quality because it is rapid, low‐cost, nondestructive, and portable (Pérez‐Esteve et al., [2014](#fsn31362-bib-0017){ref-type="ref"}). Zhang, Shen, and Luo ([2011](#fsn31362-bib-0032){ref-type="ref"}) employed impedance characteristics to forecast freshness of grass carp to establish a correlation between impedance measurements and the value of total volatile base nitrogen (TVB‐N), total aerobic count, and sensory assessment. Fuentes et al. ([2013](#fsn31362-bib-0011){ref-type="ref"}) employed impedance spectroscopy to differentiate between unfrozen and frozen‐thawed sea bream. Similarly, Rizo et al. ([2013](#fsn31362-bib-0021){ref-type="ref"}) used an impedance spectroscopy method to analyze the process of salting and smoking of fish products. Additionally, Yang used electrical impedance spectroscopy to develop a rapid detection system for pork moisture content (Yang et al., [2013](#fsn31362-bib-0030){ref-type="ref"}). Sun et al., ([2018](#fsn31362-bib-0026){ref-type="ref"}) studied the relationship between electrical characteristic and spoilage stages, and he proposed an original fish freshness classification method without a conventional data fitting model. Some researchers have also employed electrical impedance spectroscopy to detect meat component, such as fat, water, and protein content; such work could offer strong theoretical knowledge for the variability of biological impedance spectrum measurement (Bosworth & Wolters [2001](#fsn31362-bib-0005){ref-type="ref"}; Cox & Hartman [2005](#fsn31362-bib-0009){ref-type="ref"}; Willis & Hobday [2008](#fsn31362-bib-0029){ref-type="ref"}).

The foregoing studies notwithstanding, there are few reports on impedance detection of salmon\'s comprehensive quality, and most studies lack theoretical analysis of bioimpedance characteristics. Accordingly, we analyzed the impedance module and phase angle of Atlantic salmon/rainbow trout, chilled/frozen‐thawed salmon, and fresh/stale salmon. By combining chemometrics with impedance properties, we propose a rapid method for deriving Atlantic salmon multi‐quality indices.

2. MATERIALS AND METHODS {#fsn31362-sec-0002}
========================

2.1. Sample collection {#fsn31362-sec-0003}
----------------------

Atlantic salmon samples were purchased from Bakkafrost, the largest salmon farming company in the Faroe Islands. The fresh salmon were slaughtered, processed into chilled salmon, and vacuum‐packaged within 3 hr at a processing plant. The chilled salmon were transported to Shanghai Chuner Trade Development Co., Ltd. by cold chain at 4°C and then transported by refrigerated truck to Zhenjiang Metro supermarket. The entire process lasted about 4 days. Rainbow trout samples were purchased from Qinghai Minze Longyang Gorge Ecological Water Reproduction Co. LTD. The trout were slaughtered by the processing plant, vacuum‐packed, and transported to Zhenjiang metro supermarket by cold chain at 4°C for 3 days. Ten fish of both kinds were used in the study.

2.2. Sample preprocessing {#fsn31362-sec-0004}
-------------------------

On arrival in the laboratory, we cut the middle part of the fish into fillets of the same shape (3 × 3 × 2 cm); the heads and tails of the fish were discarded. The fillets were packed in food‐grade vacuum packaging bags (Weide New Material Co., Ltd) and sealed.

First, 48 salmon fillets and 48 rainbow trout fillets were randomly selected for experiments to distinguish fish species. Second, 96 salmon fillets were randomly selected to distinguish between chilled salmon (C‐S) and frozen‐thawed salmon (FT‐S). Half of the 96 salmon fillets were stored at 4 ± 0.5°C (Ali et al., [2015](#fsn31362-bib-0001){ref-type="ref"}) as C‐S, and half were frozen at 18 ± 0.5°C for 3 days and thawed at 4 ± 0.5°C for 2 days as FT‐S. Then, we analyzed the electrical characteristic of C‐S and FT‐S having the same storage time. Finally, 60 salmon fillets were selected for freshness detection. For prediction of freshness, we considered that the maximum freshness of salmon was the first day when the salmon arrived in the laboratory. Sixty fillets were vacuum‐packed and stored at 4 ± 0.5°C, and, within 12 days, we selected 20 samples randomly every 3 days for freshness detection measurements.

2.3. Impedance spectroscopy {#fsn31362-sec-0005}
---------------------------

The impedance equipment consisted of a computer (CPU AMD E2‐9000, 2.2 GHz, memory 4 G, ASUS), the impedance instrument (CHI660E, CH Instruments, Inc), and an electrode. The sinusoidal voltage of 10^--1^--10^5^ Hz is released by the workstation as the excitation signal. The impedance module and phase angle were calculated automatically by measuring the response current signal. The range of frequencies we selected was according to the model for α and β dispersion (Gheorghiu [1993](#fsn31362-bib-0012){ref-type="ref"}), and the ability of the electrochemical workstation. A similar range of frequencies was used by other researchers (Chen et al., [2017](#fsn31362-bib-0007){ref-type="ref"}). In the measurements, we used an electrode (10 mm apart, 1 mm in diameter) composed of four gold‐plated copper needles: Gold is a stable metal that is not damaged by chemical reactions between electrodes and biological tissues. The impedance measurements were made by inserting the electrodes into the fish muscle fibers at an angle of 90° and ensuring that the electrodes were fully introduced into the sample. Fish fillets were placed in small refrigerators and connected to external instruments by wires. The temperature of the fillets was maintained at 4.0 ± 1.5°C, while the impedance measurements were being taken (Pérez‐Esteve et al., [2014](#fsn31362-bib-0017){ref-type="ref"}). The impedance data were the average of three repeated measurements at the same position of the fish fillets. The data were discarded if the percent of absolute difference in the means among the three measurements was more than 3%.

2.4. Physicochemical analysis {#fsn31362-sec-0006}
-----------------------------

The TVB‐N value was assessed by semimicro fixation of nitrogen as described by Sallam ([2007](#fsn31362-bib-0023){ref-type="ref"}) and expressed as mg/100 g of salmon sample. A 10 g sample of salmon muscle was weighed, pulverized, and soaked in 100 ml of aqueous trichloroacetic acid (20 g/L) for 30 min, followed by a filtration step. Next, 5 ml of filtrate and 5 ml of MgO (10 g/L) were distillated using a Kjeldahl apparatus (Huadong Chemical Glass Co., Ltd.), with 5 ml distilled water used as the control. The distillate was collected in 10 ml of aqueous boric acid (20 g/L) with the addition of a mixed indicator consisting of 0.1 g methyl red and 0.1 g of methylene blue in 100 ml of ethanol. The absorption liquid was immediately titrated with a 0.01 mol/L hydrochloric acid solution. The TVB‐N value was calculated based on the consumption of hydrochloric acid.

2.5. Data analysis {#fsn31362-sec-0007}
------------------

Because the bioimpedance characteristics always carried redundant data, principal component analysis (PCA) was performed to simplify the variables. For qualitative analysis of the results, linear discriminant analysis (LDA), support vector machine (SVM), and back propagation artificial neural network (BPANN) were used. A partial least squares (PLS) model was employed to predict the TVB‐N value measured in the salmon samples from the biological impedance data (modulus and phase). For this analysis, each sample was divided into two groups to establish models. One group of salmon samples (training set) composed of two‐thirds of the salmon sample measurements was used to establish the regression model. The remaining group (test set) was used as the testing the model.

3. RESULTS AND DISCUSSION {#fsn31362-sec-0008}
=========================

3.1. Identification of Atlantic salmon and rainbow trout based on impedance characteristics {#fsn31362-sec-0009}
-------------------------------------------------------------------------------------------

The impedance characteristics of biological tissues are well correlated with properties such as texture and fat content (Ando et al., [2016](#fsn31362-bib-0002){ref-type="ref"}; Traffano‐Schiffo, Castro‐Giraldez, Colom, & Fito, [2018](#fsn31362-bib-0028){ref-type="ref"}; Zavadlav et al., [2016](#fsn31362-bib-0031){ref-type="ref"}; Zollinger, Farrow, Lawrence, & Latman, [2010](#fsn31362-bib-0033){ref-type="ref"}). Different kinds of meat have different quality characteristics, such as different fiber thickness, texture, and fat content. Hence, we assumed that Atlantic salmon (A S) and rainbow trout (R T) would have different impedance characteristics. In this study, we analyzed and compared the electrical impedance spectra of A S and R T to distinguish the two different meat species.

Figure [1](#fsn31362-fig-0001){ref-type="fig"} is impedance module curve of bode plots of A S and R T. The horizontal axis represents frequency of excitation current signals, and the vertical axis represents the magnitude of biological impedance module. Figure [2](#fsn31362-fig-0002){ref-type="fig"} shows that the impedance module decreased with an increase in frequency; this effect can be explained by the path of current in the biological tissue. The cell membrane acts as insulators at low frequencies, similar to the action of capacitors (Pérez‐Esteve et al., [2014](#fsn31362-bib-0017){ref-type="ref"}). The intracellular fluid with conductive properties could be equivalent to resistors, and the current blocked by the cell membrane can pass only through extracellular fluid (Figure [2](#fsn31362-fig-0002){ref-type="fig"}a). Conversely, the high‐frequency current can pass through the cell membrane, so that the extracellular and intracellular fluids are equivalent to an in series (Figure [2](#fsn31362-fig-0002){ref-type="fig"}b), and the increase in conducting section acreage would lead to a decrease in impedance (Kyle et al., [2004](#fsn31362-bib-0014){ref-type="ref"}). In addition, the impedance modulus of A S was obviously higher than that of R T in the high‐frequency band of Figure [1](#fsn31362-fig-0001){ref-type="fig"}. Furthermore, the impedance difference between A S and R T was not obvious at low frequencies. This lack of difference occurred because a low‐frequency current cannot pass through the cell membrane, and the equivalent capacitance between the sample and the electrode increased rapidly with the decrease of in frequency, which means that the weight of the inherent electrical properties of the fish we really want decreases (Sun, Zhang, Zhang, Li, & Liang, [2017](#fsn31362-bib-0025){ref-type="ref"}), resulting in an impedance value that does not reflect the complete properties of the tissue (Chevalier, Sequeira‐Munoz, Bail, Simpson, & Ghoul, [2000](#fsn31362-bib-0008){ref-type="ref"}).

![Impedance module curve of bode plots of Atlantic salmon and rainbow trout](FSN3-8-862-g001){#fsn31362-fig-0001}

![Current path in biological tissue. (a) Current path in biological tissue (low‐frequency current). (b) Current path in biological tissue (high‐frequency current)](FSN3-8-862-g002){#fsn31362-fig-0002}

We first normalized the impedance modules and phase values of each fish fillet, and then placed them next to each other in a two‐block matrix. We used PCA to simplify 96 impedance measurements of the A S and R T samples (Figure [3](#fsn31362-fig-0003){ref-type="fig"}). The first three PCs accounted for the information of the variables of 99.97%. As shown in Figure [3](#fsn31362-fig-0003){ref-type="fig"}, there was a good distinction between the A S and R T groups in the score cluster plot. We further used LDA, BPANN, and SVM discriminant model to distinguish samples (see Table [1](#fsn31362-tbl-0001){ref-type="table"}).

![Score cluster plot of the top three principle components (PCs) for distinction between Atlantic salmon and rainbow trout](FSN3-8-862-g003){#fsn31362-fig-0003}

###### 

Identification rate of salmon and rainbow trout by LDA, SVM, and BPANN Models

  PCs   Identification rate of training set (%)   Identification rate of test set (%)                           
  ----- ----------------------------------------- ------------------------------------- ------- ------- ------- -------
  1     67.19                                     91.41                                 89.06   67.19   87.50   90.62
  2     76.56                                     98.44                                 92.97   75.00   93.75   93.75
  3     81.25                                     98.44                                 98.43   75.00   96.88   95.31
  4     96.88                                     100                                   100     93.75   100     100
  5     97.66                                     100                                   100     95.31   100     100
  6     98.44                                     100                                   100     98.44   100     100
  7     99.22                                     100                                   100     100     100     100
  8     100                                       100                                   100     100     100     100

John Wiley & Sons, Ltd

As shown in Table [1](#fsn31362-tbl-0001){ref-type="table"}, the three models had relatively high recognition rates. When the number of principal components (PCs) was four, the discrimination accuracy for the two kinds of fish using the SVM or BPANN was nearly 100% in both the prediction set and calibration set. When the number of PCs was eight, the identification results of LDA also achieved 100%. The results showed that our method based on impedance characteristics combined with chemometrics was effective in distinguishing between A S and R T.

3.2. Identification of chilled salmon and frozen‐thawed salmon based on impedance characteristics {#fsn31362-sec-0010}
-------------------------------------------------------------------------------------------------

Freezing can increase the shelf life of meat, but freezing can destroy the cell membranes of biological tissues. The destruction of cell membranes causes release of nutrients and electrolytes, which then increases the conductivity and decreases the impedance modulus (Chen et al., [2017](#fsn31362-bib-0007){ref-type="ref"}). Figure [4](#fsn31362-fig-0004){ref-type="fig"}a,b shows the changes in impedance module and phase angle of frozen‐thawed samples (FT‐S) and chilled samples (C‐S). As shown in Figure [4](#fsn31362-fig-0004){ref-type="fig"}a, the impedance modulus of FT‐S was lower than that of C‐S at all frequencies.

![Bode plots of chilled/frozen‐thawed salmon](FSN3-8-862-g004){#fsn31362-fig-0004}

The cell membrane acts as a capacitor at low frequencies (Pliquett, [2010](#fsn31362-bib-0018){ref-type="ref"}). Thus, the more intact the membrane, the greater the capacitive effect of a biological tissue. As shown in Figure [5](#fsn31362-fig-0005){ref-type="fig"}, the horizontal line intersecting with the *y*‐axis at 0 is the phase curve of pure resistance, and the horizontal line intersecting the *y*‐axis at −90 is the phase curve of pure capacitance (Sun et al., [2018](#fsn31362-bib-0026){ref-type="ref"}). The curve intersecting the *y*‐axis between 0 and −90 is the phase angle curve of the resistance--capacitance mixed circuit. Therefore, the closer the phase value is to −90°, the greater will be the capacitive effect. The membranes of C‐S were relatively intact (Leygonie, Britz, & Hoffman, [2012](#fsn31362-bib-0015){ref-type="ref"}), but in FT‐S, most of cell membranes were damaged. This damage reduced the capacitance of the tissue, thereby reducing the value of the impedance phase (Ballin & Lametsch [2008](#fsn31362-bib-0004){ref-type="ref"}). As shown in Figure [4](#fsn31362-fig-0004){ref-type="fig"}b, the minimum phase angle of the C‐S could be lower than that of the FT‐S, and it could be as close as −90°.

![Typical phase angle curves of pure resistance, pure capacitance, and the resistance--capacitance mixed circuit](FSN3-8-862-g005){#fsn31362-fig-0005}

In addition, the phase value increases when frequency is \<10 Hz. These findings agreed with results obtained by Fuentes et al. ([2013](#fsn31362-bib-0011){ref-type="ref"}) for sea bream. We analyzed the mechanism of change in electrical properties by using the equivalent circuit model. The electric circuit in Figure [6](#fsn31362-fig-0006){ref-type="fig"} is the three‐component model, which is widely used in biological impedance analysis (Kyle et al., [2004](#fsn31362-bib-0014){ref-type="ref"}). Two parallel branches represent the electrical characteristics of biological tissue. Branch 1 consists of intracellular fluids, which is equivalent to the resistance (Ri), and cell membranes, which is equivalent to the capacitance (Ci). Branch 2 consists of a pure resistance (Re) equivalent to extracellular fluids. When the frequency of alternating current becomes low, the equivalent capacitance of a cell membrane will become so large that Branch 2 (Figure [6](#fsn31362-fig-0006){ref-type="fig"}) will be short‐circuited. Therefore, biological tissue shows a tendency toward pure resistance at this point, and the phase value of biological tissue increases.

![Equivalent circuit model of the organism. Re resistance of extracellular fluids, Ri resistance of intracellular fluids, Ci capacitor of cell membrane](FSN3-8-862-g006){#fsn31362-fig-0006}

We first normalized the impedance modules and phase values of each fish fillet and then placed them next to each other in a two‐block matrix. We used PCA to simplify 96 C‐S and FT‐S impedance measurements. As shown in Figure [7](#fsn31362-fig-0007){ref-type="fig"}, the first three PCs accounted for all variations of 99.99%. In addition, there was a clear distinction between the two types of samples in the space of the first three PCs. We further distinguished the two groups of samples by LDA, BPANN, and SVM discriminant model. All identification results of three discriminant models achieved 100%. The results showed that the combination of impedance characteristics and chemometrics can effectively distinguish C‐S from FT‐S.

![Score cluster plot of the top three principle components (PCs) for distinction between chilled and frozen‐thawed salmon](FSN3-8-862-g007){#fsn31362-fig-0007}

3.3. Partial least squares regression for establishing relationships between impedance characteristic and control freshness {#fsn31362-sec-0011}
---------------------------------------------------------------------------------------------------------------------------

As the time since death increased, most muscle groups became separated from fibers, and the muscle structure was damaged (Caballero et al., [2009](#fsn31362-bib-0006){ref-type="ref"}). Generally, when degradation of muscle, micro‐organisms, or enzymes release metabolites from cells, the conductivity of muscle tissue increases (Marshall & Wiese‐Lehigh [1997](#fsn31362-bib-0016){ref-type="ref"}, Yang et al., [2013](#fsn31362-bib-0030){ref-type="ref"}). This increase in conductivity provides an ability of impedance characteristics to predict changes in muscle integrity during storage and a feasibility of impedance characteristics to measure freshness.

Figure [8](#fsn31362-fig-0008){ref-type="fig"} shows the impedance module curve and the phase angle curve of Bode plots of salmon stored for different days. The impedance module of samples at lower frequencies decreased with the increasing storage days. In addition, the lowest point of phase angle curve increased gradually with the increase of storage days.

![Bode plots of salmon stored for different days](FSN3-8-862-g008){#fsn31362-fig-0008}

Total volatile base nitrogen is an important parameter to determine fish freshness. Thus, the freshness of fish fillets was represented by the content of TVB‐N in this paper. And, we applied PLS to establish a quantitative prediction model of bioimpedance spectroscopy and TVB‐N. The TVB‐N values for freshly caught marine fish are mostly 5--20 mg/100 g; 30 mg/100 g is generally considered an acceptable limit (EEC, [1995](#fsn31362-bib-0010){ref-type="ref"}). As shown in Figure [9](#fsn31362-fig-0009){ref-type="fig"}, in the first 3 days, almost all salmon samples were below the TVB‐N limit of 20 mg/100 g, belonging to the first‐class fresh range. On the 6th and 9th days, most salmon samples were in the range of 20--30 mg/100 g, belonging to the sub‐freshness level, and one sample exceeded the acceptable limit. On the 12th day, all salmon samples exceeded the acceptable limit and we considered them as rotten meat. The minimum RMSECV and RMSEP values of the model were 2.4584 mg/100 g and 2.9420 mg/100 g, and the correlation coefficients of training set and test set were 0.9447 and 0.9387. In summary, the impedance characteristics of biological tissues correlated well with their freshness.

![Correlation between measured and predicted values of TVB‐N](FSN3-8-862-g009){#fsn31362-fig-0009}

4. CONCLUSIONS {#fsn31362-sec-0012}
==============

We have used biological impedance properties combined with chemometrics to detect common salmon quality problems in the market. Our study included the identification of Atlantic salmon and rainbow trout, identification between chilled and frozen‐thawed salmon, and the prediction of salmon freshness.

We found obvious differences in the impedance spectra of Atlantic salmon versus rainbow trout and chilled versus frozen‐thawed salmon. LDA, BPANN, and SVM based on impedance characteristics achieved 100% recognition accuracy in training set and prediction set.

By using PLS to relate the bioimpedance data with the TVB‐N values of measured samples, we established quantitative relationships that showed good performance for predicting TVB‐N. In sum, impedance properties could accurately predict salmon freshness.

Finally, our study demonstrated that Atlantic salmon/rainbow trout, chilled/frozen‐thawed salmon, and fresh/stale salmon could be distinguished quickly and nondestructively to create multi‐quality indices for assessment of Atlantic salmon quality.
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